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Medical imaging for forensic age estimation in living adolescents and young adults continues to be a 
subject of discussions and controversies. Since age estimation based on medical imaging is well-
studied, it is the current gold standard. However, large disparities exist between the centers 
conducting age estimation, both between and within countries. The current review aimed to provide 
an overview of the most common approaches applied in Europe, with case examples illustrating the 
differences in imaging modalities, in staging of development, and in statistical processing of the age 
data. Additionally, the review aimed to take a look at the future, since several European research 
groups have intensified studies on age estimation, exploring four strategies for optimization: (1) 
increasing sample sizes of the reference populations, (2) combining single site information into multi-
factorial information, (3) avoiding ionizing radiation, and (4) fully automated analysis. 
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SPIR  signal presaturation with inversion recovery 
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Rationale behind forensic age estimation in the living 
Medical imaging for forensic age estimation in living adolescents and young adults continues to be a 
subject of discussions and controversies.1-5 Forensic age estimation is mainly applied in asylum and 
criminal procedures to estimate the chronological age of the examinee,6,7 but is said to be imprecise 
and unethical. Indeed, precise age estimations are impossible due to inter-individual variation in 
development,8-10 and lacking insights into the effects of the turbulent lives of the examinees.1,11-13 
Moreover, the exposure to ionizing radiation without a medical diagnostic or therapeutic indication is 
considered unethical by some professional organizations.2 Still, when applied appropriately, forensic 
age estimations are a necessary service to the examinee and to society.14-16 After all, a person’s age is 
a key element of his/her identity, and is indispensable to function as an individual in society.  
Since age estimation based on medical imaging is well-studied, it is the current gold standard.7 
However, large disparities exist between the centers conducting age estimation, both between and 
within countries.17 Those disparities may be caused by the uncertainties (i.e. the measure of 
uncertainty around the point prediction of age) that always remain, regardless of the used method. 
Therefore, forensic age estimation in living adolescents and young adults continues to be the subject 
of research worldwide. The major attempt to reduce the uncertainty is by combining the information 
of different developing anatomical sites (multi-factorial age estimation, MFA). In particular, combining 
dental and skeletal information is recommended.7,18 Unfortunately, reports on how to combine this 
information appropriately remain scarce.19-24 
Furthermore, some countries do not allow the use of medical imaging for forensic age estimation in 
the living.25 Although studies on alternative approaches that do not use medical images are starting to 
be published, they remain to be validated.26,27 Thus, to date, results with the smallest errors can only 
be obtained when medical images are used. Obviously, the age estimation obtained by the medical 
examinations should only be part of the entire age estimation procedure, which requires a multi-
disciplinary team that also assesses the examinee’s history, documents, vulnerability and need for 
additional support.17 
As an essential part of the age estimation procedure, the current review aimed to provide an overview 
of the most common approaches applied in Europe to estimate age in living adolescents and young 
adults based on medical imaging. Additionally, the review aimed to take a look at the future, 
considering approaches with the potential to become the new gold standard. 
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Disparities in current approaches 
Recommendations and examples 
How results of age estimation should be reported depends on the questions of the commissioning 
authority. Experts advocate reporting a point prediction of age (i.e. the most likely age), together with 
the minimum age7 or an uncertainty interval (prediction interval).19-21,28,29 Additionally, some experts 
advocate to report a probability of being an adult (i.e. ≥18 years in most countries).19,28,30 
Recommendations of the international Study Group on Forensic Age Diagnostics (Arbeitsgemeinschaft 
für Forensische Altersdiagnostik, AGFAD) state that in case of adolescents and young adults, 
development of the third molars, the left hand/wrist, and the sternal ends of both clavicles (further on 
referred to as the AGFAD triad) should be assessed.7 To study the former two, radiographs are 
recommended, while computed tomography (CT) is recommended to study the clavicles.7 Note that 
the clavicles are only examined when the hand/wrist development is completed. Development of the 
third molars is mostly classified into Demirjian31 or Köhler32 stages, and including all four third molars 
performs best.33,34 When a third molar shows a closed apex, it has been proposed to additionally stage 
the radiographic visibility of the root pulp35 and/or the periodontal ligament.36 However, some authors 
have raised doubts about the reproducibility and applicability of those additional characteristics.37,38 
Development of the hand/wrist is assessed with the Greulich-Pyle atlas,39 the Tanner-Whitehouse 
method,40 or the Thiemann-Nitz atlas.41 Development of the clavicles is classified into Schmeling 
stages42 and Kellinghaus substages.43 Finally, age is derived from the staging results based on 
reference studies. Note that those results depend on the age distribution within the reference 
population. Furthermore, in adolescents and young adults, age estimation should always be 
performed sex-specific. To date, most reference studies are single site studies (single site age 
estimation, SSA) and there is no consensus on how multiple single site results should be combined into 
one single age estimation result. 
To illustrate the most commonly applied approaches, detailed case examples are included in Figs. 1 to 
4. Most countries even show a disparity in approaches between different centers. In those cases, we 
will refer to the city as well as the country. By contrast, in some countries, such as the Netherlands 
and Sweden, age estimation is centralized.  
Fig. 1 shows how in Münster, Germany, the AGFAD recommendations are followed, and the minimum 
age principle is applied.44 According to that principle, the lower bound of the prediction interval is 
defined by the highest minimum age within any of the allocated developmental stages. The upper 
bound of the prediction interval is defined by the lowest maximum age within any of the allocated 
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stages. However, no statements are made in the report about the highest possible age. In case of 
stage discrepancies between third molars or between clavicles, only the highest stage is considered. 
Similarly, Fig. 2 shows how in Graz, Austria, the AGFAD recommendations are followed, but the 
minimal age principle is not applied. Instead, a minimum age is reported, based on the 99% 
confidence intervals from reference studies. Regarding the third molars, those intervals are calculated 
for all of them. Regarding the clavicles, the highest stage is considered in case of discrepancies 
between sides.  
In Leuven, Belgium, the AGFAD recommendations are only partly followed, since radiographs are used 
to assess the clavicles (Fig. 3).45 However, recent studies consider clavicle radiographs obsolete for age 
estimation.46 The main focus in Leuven is on the teeth, since a model is available based on a large 
reference population (N=2513)47, and around 20 country-specific populations are available. The model 
takes the development of all four third molars into account, together with their possible agenetic 
status. Applying the model, a point prediction is reported, with a 95% prediction interval, and a 
probability to be an adult. Results of the hand/wrist and clavicles are then used to confirm the dental 
age estimation. In case of stage discrepancies between both clavicles, the lowest stage is considered. 
When discrepancies are obtained between the results of the three anatomical sites, the lowest age 
estimation results are considered decisive. 
By contrast, the teeth are currently not examined in the Netherlands.48 Similar to Leuven, clavicle 
radiographs are made when the left hand/wrist radiograph shows completed development. However, 
the developing structures are not classified into stages. Instead, it is only determined if the physeal 
plate is open or closed. In case of stage discrepancies between both clavicles, the least developed side 
is considered. Consequently, only examinees with a mature left hand/wrist and two mature clavicles 
are considered adults. 
A remarkable exception to forensic age estimation practice is Sweden (Fig. 4), where development of 
the mandibular third molars is assessed on a panoramic radiograph, and that of the left distal femur 
on magnetic resonance imaging (MRI, T1 fast spin echo sequence).49 Similar to the Netherlands, no 
stages are allocated. It is only determined if the third molars are fully developed (closed apex) and if 
the distal femur is fully mature (closed physeal plate). In case of stage discrepancies between the 
mandibular third molars, only the most developed one is considered. Males are considered to be 
adults if either a third molar or the distal femur is fully mature, whereas females are only considered 
adults if both structures are fully mature.49 The Swedish approach is controversial, since at the time it 
was adopted, no reference study had been published that lived up to the criteria set out by AGFAD.6 
To date, larger reference studies have been published.50,51 
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Although the four presented case examples represent the most commonly applied approaches in 
Europe, other approaches are plentiful, with most of them being modifications of the presented 
approaches. An overview of the age estimation approaches applied throughout Europe can be found 
in the European Asylum Support Office’s Practical Guide on Age Estimation.17 Finally, a general 
recommendation that is backed up by most experts in the field of age estimation is that each case 
should be assessed by two independent experts. In case of discrepancies, these experts should discuss 
the case to reach a consensus. At all times should the benefit of the doubt be granted. 
Implications and discussion 
Numerous reference and validation studies for age estimation based on dental radiographs, 
hand/wrist radiographs and clavicle CT have been published 52-55, making SSA based on these imaging 
modalities a well-studied approach. Still, the dispersion between approaches may result in different 
age estimation outcomes. When a mere distinction is made between immature/mature, large 
numbers of false negatives and false positives can be assumed. In case of the Dutch approach, the 
number of false negatives (adults being considered as minors) will be high, which might be 
advantageous for the examinees, but increases the societal impact. By contrast, the Swedish approach 
might result in high numbers of false positives (minors being considered as adults),49 which is 
considered an ethically unacceptable error, and should be avoided in all age estimation procedures. 
Consequently, several institutes allocate developmental stages to derive an age estimate, which allows 
for a more nuanced outcome. However, calculating a point prediction of age, an interval of 
uncertainty, and a probability to be adult requires a statistical procedure to combine the information. 
Some authors advocate a simple procedure, because that is insightful for all involved parties (e.g. 
examinee, requesting authority, medical professional, social worker).7,18,44 Moreover, all the necessary 
data can be derived from the published articles, so everyone can perform age estimation using these 
simple approaches. Conversely, other authors advocate a more complex statistical approach, whose 
results are considered to be closer to the truth,28,56 but are methodologically only transparent to a few 
‘super-specialists’. Still, if such an approach is validated in peer-reviewed scientific literature, its 
practical implementation should not be doubted. Unfortunately, the computational processing can 




Continuing search for optimization 
The continuing migration waves in Europe, the lack of one age estimation approach that outperforms 
all others, and the continuing criticism regarding age estimation have prompted several research 
groups in Europe to intensify the studies on age estimation. Four strategies have been explored, with 
each of them related to the others: 
1) increasing sample sizes of the reference populations, 
2) combining SSA information into MFA information, 
3) avoiding ionizing radiation, 
4) fully automated analysis. 
Increasing sample sizes and combining information 
To address the first two strategies, Bleka et al. (2019) built a common model for age estimation based 
on data of several SSA studies using radiographs of the third molars and the hand/wrist (BioAlder).19 
Their MFA method outperformed the SSA methods, with a mean width of the 95% prediction intervals 
for males decreasing from 4.7 years (hand/wrist) and 5.7 years (third molars) to 4.5 years (combined). 
For females, the corresponding widths were 4.8, 5.9, and 4.6 years, respectively. In their calculations, 
they assumed development of the different anatomical sites to be conditionally independent (i.e. the 
developmental stages of the third molars do have any implications on the expected developmental 
state of the hand/wrist). This assumption has been supported by some authors,21,57 but has been 
rejected by others.19,20,28 Applying BioAlder to the case examples in Figs. 1 to 3 renders the results 
displayed in Table 1.  
Retrospectively combining data of different SSA studies is only one approach to address the second 
strategy (i.e. combining SSA information into MFA information). Another possibility is to prospectively 
collect different SSA data simultaneously in the same individual. Note that combining this information 
into MFA information truly allows to study the conditional independence assumption. However, 
currently, it is only ethical to set up such prospective MFA studies in volunteers when no ionizing 
radiation is applied. 
 
Avoiding ionizing radiation 
Computed tomography 
Before addressing the third strategy of optimization, it needs to be highlighted that modern CT 
techniques (e.g. cone beam CT) require less irradiation than conventional CT, which might increase 
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their possibility of getting accepted for forensic diagnostics in the living. However, before these new 
techniques can be brought into forensic practice, they would require new reference studies.58 Such 
reference studies might become available soon, because they can be conducted retrospectively. That 
is, in case of SSA studies. By contrast, designing MFA studies retrospectively using ionizing radiation is 
not feasible, because of the low incidence of adolescents and young adults with radiographs or CT-
scans of several anatomical sites relevant for age estimation in a clinical setting. Consequently, no 
suitable MFA reference studies are available using radiographs and/or CT in living adolescents and 
young adults. Moreover, as highlighted earlier, setting up such a prospective MFA study using 
radiographs and/or CT in living volunteers is currently not considered ethical anymore.  
Ultrasound 
To address the third strategy of optimization, ultrasound has been studied for age estimation.59 
Several SSA studies demonstrated that ultrasound examination of physeal development could be 
useful for age estimation, and research on this topic seems to continue.60 However, compared to the 
number of studies on radiographs, CT and MRI, reports on the use of ultrasound in forensic age 
estimation remain scarce. Although the lack of ionizing radiation and the low costs allow applying this 
imaging modality for MFA, no MFA studies have been reported. An explanation might be found in the 
many limitations of this imaging modality. Firstly, only the superficial side of the bone can be 
examined. An ossification center or remnants of the physeal plate might be hidden behind the outer 
contours of the bone.61 Moreover, dental development cannot be assessed by this imaging modality. 
Furthermore, the technique is highly operator-dependent and documenting the findings is harder than 
in other imaging modalities. Consequently, the evidence is hard to visualize for other involved parties 
and second opinions require a whole new examination (instead of a revision of the images, as can be 
done when radiographs, CT- or MRI-scans are available).59 
Magnetic resonance imaging 
Another way to address the second and third strategy of optimization is by using MRI. Over the past 
decade, MRI in forensic age estimation has evolved from a scarcely explored method to an extensively 
studied approach.62 To date, several research groups in Europe have collected MRI data for age 
estimation (Fig. 5). Among them, three centers have prospectively studied different anatomical sites 
and published their reports. They are the same centers who provided the conventional case examples 
in Figs. 1 to 3. Remarkably, the different centers independently came up with similar MR images to 
implement for age estimation, despite differences in scanners, coils and sequences.62  
To illustrate the different MRI approaches, detailed case examples are included in Figs. 6 to 8. Fig. 6 
shows how in Münster, Germany, four anatomical sites were examined, adding the left knee to the 
 
12 
AGFAD triad (third molars, left hand/wrist, both clavicles). Although initial reports applied the same 
staging techniques as those for radiographs and CT, more recently, the potential of MRI was put to use 
more extensively by a combined interpretation of two different sequence types (Figs 6e-j).51,63 Similar 
to the conventional approach in Münster, the minimum age principle is applied to estimate age on 
MRI. That way, the SSA data - derived from the published studies - can be combined for MFA in a 
simple manner. 
In a collaboration between Ghent and Leuven, Belgium, a statistical model for age estimation based on 
MRI was developed, built on the one used for third molar development in radiographs. However, the 
MRI model creates a true combined result of the information from each of the anatomical sites (Fig. 7). 
Although the model is not freely available, the authors reported tables with sex-specific statistics for a 
list of possible combinations of stages that might be encountered in age estimation practice. They 
reported the tables for SSA studies,14,64,65 as well as for their MFA study.20 Furthermore, in SSA studies, 
the applicability of known staging techniques for radiographs and CT were evaluated for MRI. 
Regarding third molars, the authors proposed an MRI-specific staging technique, because the 
cemento-enamel junction cannot be defined unambiguously on MRI.64 Regarding the wrist, the known 
staging techniques could be applied without modifications.14 Finally, regarding the clavicles, the 
authors raised several concerns.65 They suggested including advanced substages of stage 3a, since 
they might allow further specifications around the age of 18. Furthermore, they suggested to discard 
the clavicles from analysis if they are in stages 1, 4, or 5, since those stages might be confused. When 
an actual stage 1 would be mistaken for a wrongfully assigned stage 4 or 5, the examinee would be 
considered as an adult, while in fact, he/she would very likely be a minor. This would be an ethically 
unacceptable error. However, their study population was too small to back up the suggestions 
statistically.65 Moreover, other groups have not reported the concern of confusing stages 1, 4, and 5. 
Thus, this might be due to the MR-sequence or the calibration and experience of the observers. 
The differences in MRI characteristics between the research groups impede simple merging of data (as 
was done in for instance Bleka et al. (2019) for radiographs).19 Indeed, the only comparative study 
between MRI approaches of different centers concluded that MR-sequence-specific reference studies 
should be applied, since the detection of small changing details such as the closing of the apex can be 
affected by MR-sequence parameters.66 Similarly, De Tobel et al. (2019) reported an inferior age 
estimation performance when the model based on wrist T1 TSE MRI was applied to T1 VIBE MRI data, 
and vice versa.14 Still, the next step in MRI for age estimation seems to be studying if the MRI data 
from different groups can safely be merged.30,62 If merging would be possible, that would generate 
strong reference data, comparable with the data that is currently available for radiographs. 
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After all, the major limitation of the currently available MRI MFA studies is their relatively small study 
population. To date, only two suitable MFA studies have been published: Stern et al. (2019)24 and De 
Tobel et al. (2020).20 The first study included 322 males between 13 and 25 years of age, while the 
second study included 138 males and 160 females between 14 and 26 years of age. By contrast, MRI 
SSA studies included larger study populations up to 496 males67 and 623 females.68 They were 
systematically reviewed in De Tobel et al. (2019).62 How large a number of females and males is 
required to develop an age estimation model is highly debatable. After all, a power analysis would rely 
on predefined levels of uncertainty. Obviously, the narrower the prediction intervals and the higher 
the diagnostic indices, the better. De Tobel et al. (2020) reported a mean width of the 95% prediction 
intervals for males equal to 5.49 years, and for females 5.91 years. Those were obtained after 
correction for the rejected conditional independence assumption. However, it seems useless to set a 
predefined cut-off for the prediction intervals. With such a cut-off, presumably a sample size of 
thousands would be necessary, since an MFA approach should be sex-specific, and combines several 
anatomical structures (e.g. 8 structures in 3 sites in De Tobel et al. (2020)), which can be in a number 
of developmental stages (e.g. 6 to 8 stages taken into account in the model of De Tobel et al. 
(2020)).20 Therefore, it seems more logical to study which age indicators add information to the model 
and to report the age estimation performance that can be reached by them. Finally, one needs to 
realize that the added value of a certain anatomical site to the age estimation results depends on the 
demands of the requesting authority and the practical feasibility. It can be expected that adding more 
anatomical sites would improve the results, but if this improvement is only marginal, then the lower 
number of sites suffices. 
Another limitation of the study populations in MRI studies is that most of them only included 
Caucasian participants,62 since MRI scanners are widespread in Europe and other wealthy countries. 
Whether age estimation performance of the illustrated methods is similar when they are applied to 
other ethnic groups, should be the focus of future research. Unfortunately, population-specific MRI 
data from other ethnical groups will be even harder to obtain than population-specific X-ray data. 
The limited access to MR-scanners does not only hinder the design of reference studies. It might also 
hinder the practical implementation of the imaging modality for age estimation. Currently, waiting lists 
for MRI are relatively long. Therefore, the age estimation scans will need to be planned in between or 
after clinical scans. One possible solution would be to centralize the scanning procedure. In European 
countries like Denmark and Switzerland, a forensic institute is established, which features an MR-
scanner. In those cases, the scanner is immediately available, since its use only serves forensic 
purposes. A forensic MR-scanner might not even be necessary in every country. For age estimation, it 
could suffice to have forensic MR-scanners in the countries at Europe’s outer borders. However, then 
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a uniform European approach for forensic age estimation would be expedient, since the current lack 
of binding European guidelines would increase the decisional burden of the border countries. 
Furthermore, compared to radiographs and CT, MRI takes significantly more time. To reduce the time, 
two possible solutions are being studied. Firstly, more powerful coils are currently available than the 
ones used in the MRI reference studies. Since the third molars and the clavicles might be scanned with 
one powerful head and neck coil, time would be saved, since changing the coil and the participant’s 
position would no longer be needed. Secondly, acceleration of the MR-sequences has been proposed. 
Using compressed sensing with an open 0.3T MR-scanner, Terada et al. (2016) demonstrated that 
suitable hand/wrist images were still obtained with a 55 seconds acquisition time.69 Using a 3T MR-
scanner, Neumayer et al. (2020) presented a 4-minute approach to study the AGFAD triad of 
anatomical sites.70 These results look promising, but need to be validated before they can be generally 
applied.  
Adding to the need of time, the process needs to be explained clearly, since the examinee needs to be 
slid in the bore, lie perfectly still, and the scanner is very loud. The explanation could be supported by 
a demonstration using a mock scanner. The combined explanation and demonstration takes about 20 
minutes. Thus, in total, about one hour is needed to complete the MR-image acquisition for age 
estimation, when one of the illustrated MFA approaches is applied. Compared to radiographs and CT, 
the process is more demanding for all who are involved. Consequently, the costs for the requesting 
authority are higher, i.e. about twice as high, according to Belgian pricing. Still, although scientists can 
propose and validate alternative approaches to improve age estimation, politicians need to weigh the 
benefits in relation to the disadvantages and consider the practical implementation. 
As a final concern, the explanation might not suffice to comfort an examinee if he/she suffers from 
claustrophobia. In some cases, starting the examination with the wrist scan can help, since the head is 
not in the bore during that scan. After that, the clavicle scan should be conducted and the third molars 
should be scanned last. Finally, the use of a high magnetic field is contra-indicated if the examinee has 
suffered war trauma, which might have left metal parts in the body,71 or in case of ferromagnetic 
implants.  
 
Fully automated analysis 
The illustrated MFA approaches have another disadvantage: they still require a human observer who 
stages development based on the images. Ideally, this observer is (1) an expert in age estimation, and 
(2) experienced in interpreting images of the applied modality. Too often age estimation is based on 
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staging by an observer who lacks experience in at least one of both aspects. Furthermore, inter-
observer variability remains a downside to the procedure. It varies between anatomical structures, 
with knee and wrist bones reaching relatively high agreement, and clavicles being the most difficult to 
assess.62 The latter is due to motion artefacts caused by breathing and the large vessels,72 and due to 
the high prevalence of morphological variants.73 
Therefore, automated image analysis and subsequent age estimation have been studied. Regarding 
dental development, a first step was taken by Banar et al. (2019) towards fully automated forensic age 
estimation based on a panoramic radiograph.74 Regarding hand/wrist radiographs, fully automated 
age estimation methods have successfully been developed and validated.75,76 However, when 
interpreting studies on automated bone age estimation, one needs to discern clinical methods from 
forensic methods. In clinical methods, the automated outcomes are compared with the bone age 
determined by expert radiologist. Conversely, to apply a method in a forensic context, the automated 
outcomes should be compared with the chronological age. Moreover, these bone age studies 
generally include populations up to age 19, which is too close to the age threshold of 18, relevant in 
forensic age estimation. Regarding clavicle CT, to our knowledge, automated approaches have not 
been reported. 
Based on MRI, Stern et al. (2019) developed a fully automated method for MFA, using a deep 
convolutional neural network (DCNN) to assess the AGFAD triad of anatomical sites and derive age 
from them.24 Their approach is illustrated in Fig. 8. The method reached a promising age estimation 
performance, but since it is only available for males, it would be interesting to feed the DCNN MRIs 
from other research groups to expand the reference population. However, the DCNN will need to be 
adapted to handle the different MRIs. For instance, compared to the Austrian images, in 
Ghent/Leuven, third molars were not scanned with a 3D sequence, and the wrist scans did not include 
the hand. 
Although automated approaches can be expected to render uniform (exactly reproducible) age 
estimation results, they cannot be expected to increase age estimation performance, which will 
always be limited by the inter-individual variation in development. After all, forensic age estimation 
uses dental and skeletal age to predict chronological age. This is the essential difference between 





Forensic age estimation in living adolescents and young adults continues to show disparities between 
countries and even between centers within the same country. Those disparities comprise imaging 
modalities, anatomical sites, reference population characteristics, staging techniques, and statistical 
approaches. Currently, no approach clearly outperforms another, although MFA is recommended over 
SSA. The continuing search for optimization has led to promising methods combining SSA information 
into MFA information, simultaneously increasing the size of the reference populations. As an ionizing 
radiation-free imaging modality, MRI shows the largest potential, and might become the first 
internationally accepted standardized method to estimate age. However, practical considerations 
need to be taken into account when this method is proposed to policy makers. In a next step to strive 
for the practical implementation of MRI in this field, the different research groups will need to join 
forces to validate age estimation approaches and eliminate observer-induced errors. Similar to other 
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Fig. 1 Male case example from Münster, Germany. (a) The hand/wrist radiograph shows completed 
development. Thus, a CT of both clavicles is made (c), which shows a Kellinghaus stage 3a in both 
clavicles. Note that the axial slice is used for the assessment. (b) All four third molars display a closed 
apex. (d) When the final stage of development is reached, the boxplots only show minimum age. The 
individual can be of any age higher than that minimum age. When the final stage is not reached, the 
boxplots show minimum age, median, and maximum age based on reference studies.77-79 Applying the 
minimum age principle, the lower bound of the estimated age interval is defined by the highest 
minimum age, which is 17.38 years (third molars). Thus, it cannot be excluded that this person is a 
minor. The upper bound of the estimated age interval is defined by the lowest maximum age, which is 
22.30 years (clavicles). However, no statements are made in the report about the highest possible age. 
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The reported most probable age is 19 years, which corresponds with the rounded down mean age  
based on the clavicles, since the other structures have completed development. 
(a, b, c Reproduced with permission from the publisher from Schmeling A, Kreitner K-F, Heindel W, Vieth V. 







Fig. 2 Female case example from Graz, Austria. (a) The hand/wrist radiograph shows completed 
development. Thus, a CT of both clavicles is made (c), which shows a Kellinghaus stage 3a in the right 
clavicle, and Kellinghaus stage 2a in the left clavicle. The higher stage is considered for the age 
estimation. Note that the coronal slice is depicted. For the assessment, both the axial and the coronal 
planes are considered. (b) All four third molars display a closed apex.  
A minimum age of 17.7 years old is reported, based on 99% confidence intervals calculated from 







Fig. 3 Male case example from Leuven, Belgium. (a) Upper third molars are in Köhler stage 8, while the 
lower left is in stage 6, and the lower right is in stage 7. (b) The hand/wrist radiograph shows 
completed development. (c) The postero-anterior radiograph suggests Schmeling stage 3 in both 
clavicles, which is confirmed on 10-15° oblique radiographs (d, e). 
(f) Posterior density curve for the observed combination of third molars’ Köhler stages 8 8 6 7.29 The 
point prediction of age equals 17.6 years old, with 95% prediction interval [14.4 – 21.3], and a 
probability to be an adult equal to 41%. 
(g) The boxplots show the 95% prediction intervals and the point prediction of age, based on 
reference studies.29,42,81 Note that for the hand/wrist the final stage of development is reached. 
Therefore, the age distribution in the corresponding boxplot is highly affected by the study population. 
Consequently, the combined result takes into account the arrow instead of the boxplot. This case 
shows a discrepancy between age estimation based on dental and skeletal development. 
Unfortunately, to date, there is no appropriate statistical method reported in literature which 
combines the information of these three anatomical sites based on radiographs. Therefore, the 
benefit of the doubt is granted in this case, and the dental results are considered decisive. Note that 






Fig. 4 Male case example from Sweden. (a) Panoramic radiograph shows the lower third molars have 
not reached the final stage of development. (b) T1 fast spin echo MRI of the knee. Initially, the physeal 
plate of the distal femur was assessed to be closed. Since this is a male case, this finding suggested 
him to be 18 years or older. However, in a second opinion, both the distal femur and the proximal tibia 






Fig. 5 European countries in which research on the use of MRI in age estimation has been conducted 






Fig. 6 Male MRI case example from Münster, Germany. 
(a, b) T2 turbo spin echo of the lower left third molar shows it is in Demirjian stage G. (a) Mesial root 
apex. (b) Distal root apex. (c, d) T1 3D fast field echo of the clavicles. (c) The right clavicle is excluded 
because it is a morphological variant.  (d) The left clavicle is in Kellinghaus stage 3c. (e, f) T1 turbo spin 
echo and T2 turbo spin echo SPIR of the left wrist show both the radius and ulna are in Vieth stage 6. 
(g-j) T1 turbo spin echo and T2 turbo spin echo SPIR of the left knee. (g, h) The distal femur is in Vieth 
stage 5. (i, j) The proximal tibia is also in Vieth stage 5. (k) When the final stage of development is 
reached, the boxplots only show minimum age. The individual can be of any age higher than that 
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minimum age. When the final stage is not reached, the boxplots show minimum age, median, and 
maximum age based on reference studies.51,63,82,83 Applying the minimum age principle, the lower 
bound of the estimated age interval is defined by the highest minimum age, which is 19.19 years 
(radius). Thus, it can be excluded that this person is a minor. The upper bound of the estimated age 
interval is defined by the lowest maximum age, which is 24.89 years (lower left third molar). The most 
probable age is 21 years, which corresponds with the overall evaluation of the means, based only on 






Fig. 7 Male MRI case example from Ghent/Leuven, 
Belgium. 
(a-f) T2 turbo spin echo of the third molars shows 
they are all in De Tobel stage 4. (a, b) Palatal roots of 
third molars 18 and 28, respectively. (c, d) Crown 
and apices of third molar 38, respectively. (e, f) 
Crown and apices of third molar 48, respectively. (g) 
T1 gradient echo VIBE of the clavicles shows they 
are both in Wittschieber stage 3ab. (h, i) T1 VIBE of 
the left wrist. (h) The distal radius is in Kellinghaus 
stage 3c. (i) The distal ulna is in Kellinghaus stage 3c. 
In this slice, it appears to be in a lower stage, but 
scrolling through the sequence demonstrates that 
most of the physeal plate is bridged. (j) Posterior 
density curves for single site age estimation and for 
multi-factorial age estimation.20 This person will be 





Fig. 8 Male MRI case example from Graz, Austria.  
(a-d) Proton density weighted 3D turbo spin echo of 
the third molars. (a, b) Palatal roots of third molars 
18 and 28, respectively. (c, d) Apices of third molars 
38 and 48, respectively. (e) T1 3D gradient echo of 
both clavicles. (f-h) T1 3D gradient echo of the left 
hand/wrist. 
The automated approach24 takes into account cubic 
and beam-shaped regions of interest including the 
entire four third molars, the sternal ends of both 
clavicles, and thirteen physeal regions of the 
hand/wrist (proximal physis of the proximal 
phalanges, distal physis of the metacarpals (f), 
proximal physis of the first metacarpal (h), distal 
physis of the ulna, distal physis of the radius (f, g)). 
Based on the reference population, a point 
prediction of 17.17 years of age is obtained, and the 
individual is classified as a minor. Currently, the 
approach is not able to generate prediction intervals 
or probabilities to be an adult. This is part of ongoing 







Table 1 Single site age estimation results and combined multi-factorial age estimation results when applying BioAlder19 to the case examples in Figs. 1 and 3. 
  Anatomical site Prediction intervals   Percentage of 
individuals < 18 years 
Male case 
example Fig. 1 
Third molar 38 Demirjian 
stage H 
87.5% of individuals will be more than 18 
years 3 months 
97.5% of individuals will be more than 17 
years 2 months 
9.1% 
 Hand/wrist Greulich-Pyle 
standard 19 years 
87.5% of individuals will be more than 17 
years 6 months 
97.5% of individuals will be more than 16 
years 3 months 
23% 
 Combined 87.5% of individuals will be more than 18 
years 8 months 
97.5% of individuals will be more than 17 
years 10 months 
< 5% 
          
Female case 
example Fig. 2 
Third molar 38 Demirjian 
stage H 
87.5% of individuals will be more than 18 
years 7 months 
97.5% of individuals will be more than 17 
years 5 months 
6.1% 
 Hand/wrist Greulich-Pyle 
standard 18 years 
87.5% of individuals will be more than 16 
years 6 months 
97.5% of individuals will be more than 15 
years 4 months 
55% 
 Combined 87.5% of individuals will be more than 18 
years 9 months 
97.5% of individuals will be more than 17 
years 9 months 
< 5% 
          
Male case 
example Fig. 3 
Third molar 38 Demirjian 
stage E 
75% of individuals will be between 13 years 
8 months and 17 years 10 months 
95% of individuals will be between 12 years 
5 months and 19 years 4 months 
89% 
 Hand/wrist Greulich-Pyle 
standard 19 years 
87.5% of individuals will be more than 17 
years 6 months 
97.5% of individuals will be more than 16 
years 3 months 
23% 
  Combined 75% of individuals will be between 16 years 
8 months and 19 years 7 months 
95% of individuals will be between 15 years 
6 months and 20 years 3 months 
45% 
 
 
